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1. Summary
Nuclear-encoded mitochondrial proteins are syn-
thesized in the cytosol as precursors and then im-
ported into mitochondria. Protein import into the
matrix space requires the function of the mitochon-
 .drial hsp70 mhsp70 chaperone. mhsp70 is an AT-
Pase that acts in conjunction with two partner pro-
teins: the Tim44 subunit of the inner membrane
import complex, and the nucleotide exchange factor
mGrpE. A central question concerns how mhsp70
uses the energy of ATP hydrolysis to transport pre-
cursor proteins into the matrix. Recent evidence sug-
gests that mhsp70 is a mechanochemical enzyme that
actively pulls precursors across the inner membrane.
2. Introduction
 .Mitochondrial hsp70 mhsp70 plays a number of
roles in the biogenesis of mitochondria. These differ-
ent functions are reflected in the existence of several
different hetero-oligomeric protein complexes that
contain mhsp70. The first complex to be described
was the site-specific endonuclease Endo.SceI, which
is a dimer consisting of mhsp70 and a 50 kDa protein
w x1,2 . A more general function of mhsp70 is to facili-
tate the folding of newly imported proteins and of
w xproteins synthesized within the mitochondria 3–6 .
For this purpose mhsp70 works in conjunction with
 .two co-chaperones Horst et al., submitted : Mdj1p, a
w xhomolog of bacterial DnaJ 3 ; and mGrpE, a ho-
w xmolog of bacterial GrpE 7–9 . This review focuses
on a third function of mhsp70: the transport of pro-
teins across the mitochondrial inner membrane
w x10,11 . This process requires a heterotrimeric com-
plex of mhsp70 with mGrpE and with Tim44, a
membrane-associated subunit of the inner membrane
w ximport channel 12–14 . To understand how mhsp70
drives protein import, we can draw upon information
about other hsp70 chaperones that reside in the cy-
tosol or in the lumen of the endoplasmic reticulum
 .ER .
3. hsp70 chaperones in the cytosol
Cytosolic hsp70 proteins have been implicated in a
variety of processes, including protein folding, the
disassembly of oligomeric protein complexes, and the
stabilization of precursor proteins destined for
translocation across intracellular membranes re-
w x.viewed in 15,16 . It is known that hsp70 proteins
bind to unfolded segments of polypeptide chains
w x17–20 , but the mechanism of hsp70 action is still
incompletely understood. Peptide bindingrrelease by
hsp70 is regulated by adenine nucleotides, and hsp70
proteins undergo conformational changes during the
cycle of ATP binding, ATP hydrolysis, and ADP and
w x w x.P release 21–23 , reviewed in 15 . Pioneeringi
studies of DnaK, the hsp70 protein of E. coli, re-
vealed that optimal functioning of this chaperone
requires the co-chaperones DnaJ and GrpE reviewed
w x.in 24 . DnaJ accelerates ATP hydrolysis by DnaK,
whereas GrpE acts as an adenine nucleotide exchange
w xfactor for DnaK 25,26 . Homologs of DnaJ andror
GrpE cooperate with hsp70 proteins in the eukaryotic
cytosol and in the lumen of mitochondria and the ER
w x .7–9,27,28 , Horst et al., submitted .
4. BiP is required for protein translocation into
the yeast ER
The lumenal hsp70 chaperone BiP plays a key role
w xin the folding of newly imported ER proteins 29 ,
w x.reviewed in 6 . In addition, protein translocation
into the yeast ER involves an ATP-dependent interac-
tion of BiP with the membrane protein Sec63p re-
w x.viewed in 30,31 . BiP is needed for co- as well as
w xpost-translational translocation into the yeast ER 32 .
When ER membranes were solubilized and fraction-
ated, BiP co-purified in an ATP-dependent manner
w xwith Sec63p 29 . Genetic studies have confirmed the
functional importance of the BiP-Sec63p interaction
w x33 . BiP appears to recognize a region in Sec63p that
is homologous to the conserved ‘J domain’ in DnaJ-
w xtype proteins 27,34,35 .
5. Protein translocation into mitochondria
As in the ER, protein import into the mitochon-
drial matrix involves a lumenal hsp70 chaperone
 .mhsp70 that acts in conjunction with a membrane
 .partner protein Tim44 . Several lines of evidence
have implicated mhsp70 as a component of the pro-
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tein import machinery. Mitochondria isolated from
temperature-sensitive mhsp70 mutants show defects
w xin import 36,37 . Moreover, precursor proteins in
transit into the matrix are associated with mhsp70
w x38,39 . By analogy to other hsp70 proteins, mhsp70
is believed to require ATP hydrolysis for its function.
Protein transport across the inner membrane depends
upon ATP in the matrix, and this ATP requirement
wcorrelates with the requirement for mhsp70 37,40–
x44 .
When ATP-depleted mitochondria are solubilized
in detergent, 10–15% of the mhsp70 molecules are
found in a complex together with mGrpE and Tim44
w x12–14 . Tim44 spans the mitochondrial inner mem-
brane and apparently forms part of the translocation
w xchannel 12,45 . This protein contains a domain that
is weakly homologous to the J domain of Sec63p
w x13 . It is an attractive, but still only speculative
possibility that the J-like domain of Tim44 is respon-
sible for the interaction with mhsp70. If so, the
mitochondrial and ER translocation systems would
 w x.seem to be remarkably similar although see 31 .
6. How do lumenal hsp70’s drive protein translo-
cation?
The results described above raise a fascinating
question: how do hsp70 proteins in the interior of an
organelle help drive protein import into that or-
ganelle? Recent studies of the mitochondrial system
are beginning to provide some answers. Two poten-
tial mechanisms are currently being discussed: a
‘Brownian ratchet’ and a ‘translocation motor’
w x46,47 .
It has been proposed that mhsp70 drives protein
translocation by creating a ‘Brownian ratchet’
w x14,48,49 . According to this model, a precursor
polypeptide oscillates randomly within the transloca-
tion channel due to Brownian motion. After an in-
ward oscillation, an mhsp70 molecule would bind to
a segment of the precursor chain, thereby preventing
reverse movement of the chain. A series of such
events would lead to complete import of the precur-
sor. Tim44 would promote the binding of mhsp70
molecules to the precursor chain, perhaps by acting in
a DnaJ-like fashion to catalyze ATP hydrolysis by
 .mhsp70 see below . Experimental support for the
Brownian ratchet idea comes from the observation
that precursor chains can slide bidirectionally in the
w xmitochondrial translocation channel 50,51 . For ex-
ample, if a precursor protein is arrested at an early
step of import, and if mhsp70 is then inactivated by
depleting the matrix of ATP, the precursor chain can
fall back out of the translocation channel. This ‘back-
sliding’ is almost certainly due to random thermal
motion of the chain.
A mathematical analysis indicated that if the ther-
mal motion of a precursor chain were rendered unidi-
rectional by the binding of lumenal chaperones, an
entire precursor polypeptide could be rapidly im-
w xported 49 . This quantitative model suggests a Brow-
nian ratchet as a plausible mechanism for protein
translocation. On the other hand, the same model
predicts that an arrested precursor protein should fall
back out of the translocation channel in a matter of
milliseconds, whereas this process actually occurs on
w xa time scale of minutes 50,51 . The original mathe-
matical formulation assumed free diffusion of the
precursor molecule, and did not take into account the
fact that an unfolded polypeptide chain is likely to
interact with the walls of the translocation channel. It
would be valuable to augment the earlier biophysical
analysis by incorporating recent experimental find-
ings.
An extension of the Brownian ratchet model pro-
poses that if a precursor protein contains a folded
domain, this domain will spontaneously unfold at the
mitochondrial surface due to random thermal events,
thereby allowing an inward oscillation of the precur-
w xsor chain 43 . Thus, a Brownian ratchet could poten-
tially drive the import not only of unfolded precursor
proteins, but also of precursors that fold after transla-
tion. This hypothesis predicts that the rate of import
of a folded precursor protein should be limited by the
spontaneous unfolding rate of that protein. The im-
port of fusion proteins containing mouse dihydrofo-
 .late reductase DHFR requires several minutes at
w xroom temperature 52 , a rate that correlates well with
the spontaneous unfolding rate of DHFR at this tem-
w xperature 53 . A Brownian ratchet model can there-
fore account for the observed kinetics of import of
DHFR fusion proteins. However, the spontaneous
unfolding of DHFR is unusually rapid. With most
folded proteins this process is extremely slow, requir-
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ing hours or even days for a protein to undergo a
w xsingle unfolding transition 54 . For example, the
heme-binding domain of cytochrome b unfolds very2
w x .slowly 55 ; Glick, unpublished observation . This
domain is folded after synthesis of cytochrome b in2
a reticulocyte lysate, yet cytochrome b is imported2
w xreadily into mitochondria 55 . Unlike DHFR fusion
proteins, which can be imported across the outer
membrane after depletion of matrix ATP or inactiva-
tion of mhsp70, cytochrome b absolutely requires2
both matrix ATP and functional mhsp70 for import
w x42,43,55 . These results suggest that mhsp70 does
something more than merely waiting for the cy-
tochrome b precursor to unfold. Rather, the ATP-2
dependent action of mhsp70 in the matrix evidently
accelerates unfolding of the heme-binding domain at
the mitochondrial surface.
To account for this finding, it was proposed that
mhsp70 exerts a pulling force on the cytochrome b2
w xpresequence 46,47 . In this ‘translocation motor’
model, mhsp70 undergoes a conformational change
that generates a force on the precursor chain. Tim44
would allow force generation by serving as a mem-
brane anchor for mhsp70 during its ‘powerstroke’.
Such a translocation motor could drive the unfolding
 .and import of a precursor protein Fig. 1 . In this
view, the action of mhsp70 during protein import is
analogous to the ATP-dependent translocation of actin
w xfilaments by myosin 56,57 .
In order for mhsp70 to exert a force on a precursor
chain, the presequence must first penetrate across
both membranes into the matrix. Because at least 50
residues are needed to span the two mitochondrial
w xmembranes 58 , a process other than mhsp70-depen-
dent pulling must initiate translocation. The electro-
chemical potential across the inner membrane facili-
tates the insertion of mitochondrial presequences into
 .the matrix see below . In the case of cytochrome b ,2
the heme-binding domain is preceded by a prese-
w xquence of 80 residues 59 ; thus, after membrane
potential-driven insertion of the cytochrome b pre-2
sequence, mhsp70 can bind and exert a pulling force.
However, many other mitochondrial precursors con-
tain much shorter presequences. For example, DHFR
fusion proteins with presequences as short as 12
w xamino acids can be imported 60 . The most plausible
mechanism for the unfolding and insertion of these
fusion proteins is spontaneous unfolding of the DHFR
domain, followed by ‘capture’ of the presequence
when it inserts into the matrix. The Brownian ratchet
concept may therefore be useful for describing this
initial step in the import process.
This analysis leads to two predictions. First, a
stably folded domain such as the cytochrome b2
heme-binding domain should not be import-com-
petent when linked to a presequence that is too short
to reach the matrix. This simple experiment has yet to
be done rigorously. Second, if DHFR is linked to a
presequence long enough to reach the matrix, import
should be extremely rapid because mhsp70-depen-
dent pulling will accelerate the unfolding reaction.
An experimental test has confirmed this prediction.
Whereas DHFR fusion proteins with short prese-
quences are imported at a rate that is limited by
w xspontaneous unfolding of the DHFR domain 52,61 ,
increasing the presequence length to 65 residues or
more accelerates import to a rate much faster than the
spontaneous unfolding of DHFR Matouschek et al.,
.unpublished data .
A caveat to this analysis is that the environment at
the entrance of the mitochondrial import channel
might somehow enhance the unfolding of precursor
proteins. Although this possibility is difficult to ex-
clude, the available evidence argues against it. As
described above, the import of DHFR fusion proteins
with short presequences is not faster than the sponta-
neous unfolding of DHFR in solution. Moreover,
when the cytochrome b presequence inserts into2
ATP-depleted mitochondria, the heme-binding do-
main is held near the entrance of the import channel
w xand yet this domain remains stably folded 55 .
7. The role of ATP in mhsp70 function
Another way to analyze the mechanism of
mhsp70-driven import is to study the dynamics of the
Tim44-mhsp70-mGrpE complex and its interaction
with precursor proteins during the ATPase reaction
cycle. It is known that ATP binding promotes the
dissociation of hsp70 proteins from unfolded poly-
peptides, whereas ATP hydrolysis generates an hsp70
PADP complex that binds tightly to polypeptide sub-
w xstrates 15,26,62–65 . Therefore, both of the import
models predict that mhsp70PADP will be the form of
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mhsp70 that binds to the precursor chain. A translo-
cation motor mechanism requires that mhsp70PADP
bind simultaneously to the precursor chain and to
Tim44, so that a pulling force can be generated;
whereas for a Brownian ratchet mechanism mhsp70P
ADP must dissociate from Tim44 while remaining
bound to the precursor chain, so that the chain can
continue to oscillate in the channel. These different
predictions have been tested using the purified
Tim44-mhsp70-mGrpE complex. Initial experiments
revealed that addition of ATP releases mhsp70 from
Tim44, but it was unclear whether ATP hydrolysis
was needed for this release, or whether ATP binding
w xwas sufficient 12–14 . This issue was later addressed
w xin two systematic studies 21,66 . When ATP was
replaced by the poorly hydrolyzable ATP analogs
X  .5 -adenylylimidodiphosphate AMP-PNP or adeno-
X  .  .sine 5 -O- 3-thiotriphosphate ATPg S , both analogs
promoted release of mhsp70 from Tim44. In contrast,
mhsp70 remained stably bound to Tim44 in the pres-
ence of ADP. Thus, the current evidence indicates
that mhsp70PATP associates weakly with Tim44 and
with an incoming precursor chain, and that after ATP
hydrolysis, mhsp70PADP binds tightly to both Tim44
w xand the precursor chain 21,66 .
If the interpretation of these data is correct, no
oscillations of the precursor chain will be possible
once the Tim44-mhsp70PADP-precursor complex has
formed. In order for the immobilized mhsp70PADP
to drive translocation, the mhsp70 molecule must
presumably undergo a conformational change, thereby
exerting an inward pulling force on the precursor
chain. Thus, even though a Brownian ratchet mecha-
nism may account for the initial insertion and capture
 .of mitochondrial presequences see above , subse-
quent import would necessarily involve the transloca-
tion motor function of mhsp70. Conceivably, a mu-
tant mhsp70 that was defective in binding to Tim44
w xcould drive import by a Brownian ratchet 47 , but
this scenario seems unlikely with wild-type mhsp70.
8. The translocation motor model
The studies described above were used together
with other published information about mhsp70 and
w xrelated chaperones 26,65 to generate a working
w x  .model for ATP-dependent translocation 66 Fig. 1 .
Fig. 1. Model of the reaction cycle of the ATP-dependent translo-
 w x.cation motor modified from 66 . See text for details.
It has been shown that the initial interaction of
mhsp70 with the precursor chain requires ATP
w x37,41 , most likely because binding of mhsp70 to the
chain takes place concomitantly with ATP hydrolysis
w x43 . Thus, in stage 1 of the proposed mechanism,
mhsp70PATP associates weakly and reversibly with
both Tim44 and the incoming precursor chain. In
stage 2, mhsp70 hydrolyzes ATP to generate mhsp70
PADP, which associates stably with Tim44 and the
chain. This hydrolysis reaction may be catalyzed by a
DnaJ-like action of Tim44. In stage 3, mhsp70PADP
undergoes a powerstroke possibly triggered by Pi
.release , thereby pulling a segment of the chain into
the matrix. In stage 4, mGrpE binds to mhsp70 and
w xpromotes release of ADP 67,68 . At this point the
interaction of mhsp70 with the precursor chain is
w xprobably weakened 69 , and if the cycle is arrested at
this stage by depleting the matrix of ATP, mhsp70
w xwill eventually dissociate from the chain 50 . Fi-
nally, in stage 5, ATP binds once again to mhsp70,
displacing mGrpE and releasing mhsp70 from Tim44
and from the precursor chain. The cycle then repeats
until the precursor protein has been completely im-
ported.
9. Unresolved questions about the translocation
motor model
The postulated mechanism shown in Fig. 1 raises a
number of questions. Below we have described two
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such uncertainties, followed by hints about how they
may be resolved.
First, if mhsp70 encounters resistance during its
powerstroke — for example, if the precursor contains
a folded domain — what prevents mhsp70 from
pulling itself free of the precursor chain? A possible
answer comes from a recent crystallographic study of
the peptide-binding domain of a closely related hsp70
w xprotein, DnaK 20 . The structural data suggest that
after ATP hydrolysis, a ‘latch’ closes over the bound
peptide and locks it into place. Presumably this latch
remains fastened until mhsp70 has completed its
powerstroke and released ADP. This idea fits with
the observation that in the presence of ADP, large
kinetic barriers exist for the binding and release of
w xpolypeptide substrates by hsp70 proteins 65,70 .
Second, if mhsp70 dissociates from the precursor
chain between powerstrokes, what will prevent the
chain from diffusing backwards during these inter-
vals? We suspect that diffusion of a precursor chain
in the mitochondrial translocation channel is severely
restricted by interactions of the precursor with the
channel walls. Electrostatic, van der Waals, hydrogen
bonding and hydrophobic interactions may all con-
w xtribute to this effect 54 . As mentioned above, the
available evidence supports the notion that precursor
w xchains diffuse quite slowly in the channel 50,51 .
10. Function of the membrane potential in protein
translocation
This discussion so far has ignored the role of the
electrochemical potential across the inner membrane.
The membrane potential is needed only for an early
step in the import process, during insertion of the
presequence into and across the inner membrane
w x71,72 . It was recently suggested that the electro-
chemical potential not only drives insertion of the
presequence across the inner membrane, but also
holds the presequence in the matrix until it can be
w xbound by mhsp70 51 .
11. Outlook
A number of research directions are converging to
give us a mechanistic understanding of mitochondrial
protein import. In vitro import systems provide un-
paralleled versatility for analyzing the translocation
process. Biochemical experiments are clarifying the
functions of individual components of the mitochon-
drial import machinery. Structural and enzymatic
studies of mhsp70 and its relatives have provided
valuable insights. Finally, biophysical approaches
should allow protein translocation to be examined
using the elegant methods that have been developed
w xfor other molecular motors 56,57 .
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